ABSTRACT. Galactose metabolism was studied in human ovarian tissue obtained from 14 women controls between 21 and 72 y of age, and one 21-y-old galactosemic patient with hypergonadotrophic hypogonadism. Tissue slices were incubated with l-'4C-galactose, and labeled intermediates were analyzed by anion-exchange column chromatography. Activities of enzymes related to the galactose pathway: galactokinase, transferase, epimerase, uridine diphosphoglucose (UDPGlc) and uridine diphosphogalactose pyrophosphorylases, and UDPGlc and uridine diphosphogalactose pyrophosphatases were measured in ovarian homogenates using radioisotopic, spectrophotometric, and fluorometric techniques. Incorporation of carbon label from l-'4C-galactose into various galactose and glycolytic intermediates, as well as carbon dioxide and TCA-insoluble materials was demonstrated in samples from non-galactosemic controls. In tissue from the galactosemic individual, no labeled carbon dioxide was produced and very little incorporation into TCA-insoluble material was found. Labeled galactose-1-phosphate was elevated. In normal ovarian tissue, specific activities of galactokinase, transferase, epimerase, and UDPGlc pyrophosphorylase are much higher than those found in the red cells and in testes. UDPGlc pyrophosphorylase activity is about 50 times that of transferase, suggesting that uridine nucleotide sugars have an important role in the normal development and function of the ovary. It is hypothesized that premature ovarian failure. often observed in ~a t i e n t s with galactosemia, is due to interference with nucleotide sugar metabolism and the synthesis of galactose containing glycoproteins and glycolipids consequent to the enzymatic defect in the major pathway of galactose metabolism. (Pediatr Res 25:151-155,1989) Abbreviations transferase, galactose-1-phosphate uridyl transferase epimerase, uridine diphosphogalactose-4-epimerase G6PD, glucose-6-phosphate dehydrogenase PGM, phosphoglucomutase TCA, trichloroacetic acid UDPGlc, uridine diphosphoglucose UDPGal, uridine diphosphogalactose UTP, uridine triphosphate treatment is begun in early infancy (1). The clinical symptoms of gonadal insufficiency have included partial or complete failure of secondary sexual development, primary amenorrhea, the postpubertal occurrence of oligomenorrhea, and secondary amenorrhea. Although streak ovaries have been observed in two patients (2, 3), the pathophysiology of the ovarian insult is unknown. It has been hypothesized that metabolites of galactose, particularly galactose-I-phosphate, may be toxic to the ovarian parenchyma during the prenatal state (4) or the perinatal period (1). The exact mechanism of this toxicity, however, has not been elucidated.
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To gain a better understanding of galactose metabolism in the normal human ovary, galactose oxidation and its by-products were studied in ovarian tissue slices. In addition, the enzymes involved in the metabolic process were assayed, including galactokinase, galactose-1 -phosphate uridyl transferase, UDPGal-4-epimerase, UDPGal and UDPGlc pyrophosphorylases, and UDPGal and UDPGlc pyrophosphatases. Preliminary results in part have been presented (5) .
MATERIALS A N D METHODS
l-14C-~-galactose (1 5 mCi/mmol), and (U)-14C-a-~-galactose-1-phosphate, potassium salt (8.2 mCi/mmol) were initially purchased from Rosechem Products (Los Angeles, CA) and later from New England Nuclear Corp (Boston, MA). I-'4C-~-glucose (5 mCi/mmol), UDP(U)-'4C-galactose (298.5 mCi/mmol) and UDP(U)-14C-glucose (226.8 mCi/mmol) also were purchased from New England Nuclear.
Low Incubation studies. Ovarian tissue slices were prepared by hand, using sections of potato for grips. Each slice weighed approximately 1 mg. The slices were washed in KRB-glucose ( 100 mg/ 100 ml) buffer, pH 7.4 several times to free away any contaminated potato. Slices were incubated with either 1 pCi of galactose or 1 pCi of glucose in counting vials as previously described (6) . At the end of 2 h of incubation, labeled C 0 2 was liberated upon addition of acid, collected, and counted. The incubation mixture was subsequently treated with 10% TCA. The TCA-soluble and TCA-insoluble fractions were separated. The TCA-insoluble fraction was then extracted with chloroformmethanol mixture (3: 1) for glycolipids, and the radioactivity was counted. The TCA in the TCA-soluble fraction was removed with ether, and the aqueous fraction was chromatographed on a Dowex-1-formate column eluted with an ammonium formate gradient (7).
Preparation of tissue homogenate for enzyme studies.
Tissue samples of 200-400 mg were blotted with tissue paper and homogenized in 1.0 ml of a solution composed of 1 part of 0.1 M DTT, 2 parts of 1.0 M glycine buffer, pH 8.7, and 7 parts of water in a tissue homogenizer (Kontes Co., Vineland, NJ) in an ice water bath for 5 min. The preparation was then centrifuged at 12,000 x g for 15 min at 4"C, and the supernatant was used for enzyme assays and protein determinations.
Enzyme assays. All enzyme activities were expressed in terms of products formed, pmollhlg protein. Each enzyme assay has been standardized for linearity in the rate of product formation and concentrations of protein used. 1) Galactokinase activity was determined by a modification of the method of Ng et al. (8) . The incubation mixture contained
Tris buffer (pH 7.0), 100 mM; MgSO,, 40 mM; NaF, 5 mM; ATP, 4 mM; 14C-galactose, 0.555 mM and 50 p1 tissue extract in a total volume of 100 PI. The other steps of the procedure for DE 8 1 paper chromatographic separation and determination of radioactivity are the same as described.
2) Galactose-l -phosphate uridyl transferase (transferase) activity was quantitated by a modification method of Ng et al. (9) .
The reaction mixture contained glycine buffer pH 8.7, 100 mM; '4C-Gal-1-P, 1.6 mM; UDPGlc, 0.8 mM and 50 PI tissue extract in a total volume of 100 p1. After 30 min of incubation at 37"C, 10 p1 were spotted on DE 8 1 paper for chromatographic separation. Transferase was also analyzed by agarose gel electrophoresis (10).
3) UDPGal-4-epimerase activity was assayed by measuring the amounts of UDPGlc formed from UDPGal in a Pye-Unicam spectrophotometer. UDPGlc was determined by coupling to NAD reduction with UDPGlc dehydrogenase and measurement of OD increase at 340 nm. The reaction mixture (total vol, 0.8 ml) contained glycine buffer (pH 8.7), 375 mM; NAD, 12.5 mM; cysteine, 7.5 mM (freshly prepared); UDPGal, 0.66 mM, UDPGlc dehydrogenase, 0.602 U; and 20 pl tissue supernate (1 50-300 pg protein). Water was used to substitute for UDPGal in the blank. 4) UDPG pyrophosphorylase activity was determined by measuring the amounts of UDPGlc formed from glucose-lphosphate in the presence of UTP in a Pye-Unicam spectrophotometer. The amount of UDPGlc formed was measured in the presence of UDPGlc dehydrogenase as reflected by OD increase at 340 nm. The reaction mixture (total vol 0.8 15 ml) contained Tris buffer (pH 8.0), 368 mM; NAD, 1.15 mM; MgC12, 6.14 mM; UTP, 0.49 mM; glucose-I-phosphate, 1.23 mM; UDPGlc dehydrogenase, 0.602 U, and tissue extract, 5 p1 (35-70 pg protein). The blank was made using water to replace substrates (UTP and glucose-1 -phosphate).
5 ) UDPGal pyrophorphorylase activity was assayed by a radioactive method similar to transferase except that UTP was used intead of UDPGlc and MgC12 (6.14 mM) was also added. 6 ) UDPGal pyrophosphatase activity was assayed by measuring the amount of labeled galactose-I-phosphate formed from UDPGal during incubation (1 I). The incubation mixture (total vol, 50 p1) contained 2 (N-morpholino) ethane sulfonic acid buffer, pH 6.8, 123 mM; Triton X-100, 0.05%, UDP (I4C) Gal, 0.14 mM, and 20 p1 tissue supernate (about 200 pg protein). At the end of 15 min at 37"C, the reaction was stopped by adding 25 p1 of ethanol containing 5% acetic acid. After centrifugation (1000 x g, for 3 min), 25 p1 of supernate was spotted on DE 81 paper and chromatographed as for transferase, UDPGal, galactose-1-phosphate and galactose were separated. The amount of UDPGal hydrolyzed is based on the sum of galactose-l-phosphate, and galactose produced as tissue also contains hexose phosphatase converting galactose-1-phosphate to galactose. 7) UDPGlc pyrophosphatase activity was assayed by using an incubation mixture containing Tris buffer (pH 8.0), 400 mM; I4C-UDPGlc, 0.14 mM; Triton X-100, 0.05% and 20 1 1 tissue extract (about 150-200 pg protein) in a total volume of 50 p1. At the end of 30 min of incubation, the reaction was stopped by heating at 100°C for 2 min. After centrifugation (10,000 x g, 3 min), 20 p1 of supernate was spotted on DE 81 paper. The chromatographic procedure and calculation for activity are similar to that of UDPGal pyrophosphatase.
Protein concentration was determined by the method of Lowry et al. (12) with BSA as standard. UDPGlc and UDPGal levels were determined by modified methods of Fujimura et al. (13) . Table I compares the results of I4CO2 production and of the incorporation of carbon label into TCA-insoluble material from labeled galactose and glucose in the ovarian tissue slices from the galactosemic patient and nongalactosemic controls. With galactose as the substrate, no labeled C 0 2 was produced by the tissue from the patient with galactosemia. Production of labeled C 0 2 from glucose was the same for the galactosemic and nongalactosemic tissue. There was little incorporation of labeled galactose into TCA-insoluble fraction in the galactosemic patient compared to controls; contrarily, incorporation into this fraction from labeled glucose was similar for both the patient and the control group. C02 produced from labeled galactose was similar for the inner and outer portions of the ovary in the one sample studied (1 82 versus 199 cpm/mg wt/wt). These data substantiate a defect in galactose metabolism in the ovarian tissue of the galactosemic patient. Figure 1 shows the pattern of the labeled intermediates separated on the Dowex-l-formate column after incubation with 1-'4C-galactose. In the normal individual, lactate, galactose-l-phos- Eluate (Tube Number) phate, and UDPhexose, such as UDPGal as well as a number of unidentified peaks were found. In the galactosemic patient, only a single galactose-1-phosphate peak was present. The pattern of labeled intermediates seen in the normal human ovarian tissue is consistent with the Leloir pathway of galactose metabolism. Table 2 summarizes the activities of enzymes of the galactose pathway found in normal human ovarian tissue. Among them, UDPGlc pyrophosphorylase had the highest sp. act. Epimerase, transferase, galactokinase, UDPGlc pyrophosphatase, and UDPGal pyrophosphatase and UDPGal pyrophosphorylase also exhibited significant activity. There was no difference in enzyme activity between outer and inner portions of the ovary. For transferase, the mean activity was 103 t 42 (n = 13) and 85 + 37 (n = 5), respectively, ( p > 0.2). Thus, for galactokinase, it was 47 + 16 and 49 k 17. There was no difference in enzyme activity between pre-and postmenopausal ovaries. We did not have enough tissue from the galactosemic patient to perform any enzyme assays. Table 3 compares the activities of galactokinase, transferase, epimerase, and UDPGlc pyrophosphorylase in normal human ovary, erythrocytes, and testes. The activities of these enzymes are highest in the ovary. For galactokinase, the activity in the ovary is 47 times that of red blood cells and 10 times that of testes. Transferase activity in the ovary is four times that of red blood cells and two times that of testes, whereas UDPGlc pyrophosphorylase is 550 times that of red blood cells and 15 times that of testes. The ratio of galactokinase activity to that of transferase is about 0.5 in the ovary. It is much lower in human erythrocytes and testes, but similar to that reported for liver and kidney (14) . The fact that UDPGlc pyrophosphorylase has the highest sp act in the ovary suggests that nucleotide sugars production may be important in this tissue.
RESULTS
The electrophoretic patterns of transferase from ovarian tissue as compared to other tissues are depicted in Figure 2 . The dark lines correspond to the position of fluorescent bands (NADPH) generated by the activity of transferase. Three activity bands similar to the patterns observed for leukocytes, placenta, and testes were found. This pattern differs from erythrocyte transferase, which usually migrates as a single band, and liver, which exhibits five bands (15) . In one ovary, two additional minor :T AL.
--------orig. Figure 3 depicts the pathway of galactose metabolism and the enzymes involved in mammalian tissues. The main pathway described by Leloir and his coworkers consists of three sequential steps catalyzed by galactokinase, transferase, and epimerase, respectively. The products of these reactions are UDPGal and glucose-I-phosphate. In turn, UDPGal, by the action of epimerase, is converted to UDPGlc. Both UDPGlc and UDPGal are essential for glycoprotein and glycolipid synthesis. An important accessory reaction is mediated by UDPGlc pyrophosphorylase. This reaction results in the formation of the nucleotide sugar UDPGlc from UTP and glucose-1-phosphate. The other reactions involving UDPGal pyrophosphorylase and UDPGlc and UDPGal pyrophosphatases are of unknown importance. Galactit01 and galactonate accumulate when galactose concentration in tissue is sufficiently elevated due to reactions catalyzed by aldose reductase and galactose dehydrogenase, respectively.
In the present study, the enzymes known to be involved with galactose metabolism were present in human ovarian tissue. UDPGlc pyrophosphorylase has the highest activity among all enzymes determined, suggesting that nucleotide sugar production may be important in normal ovarian tissue, perhaps playing a critical role in support of germ cells, maturation of follicles and/ or steroidogenesis. It is likely that UDPGlc and UDPGal pyrophosphorylase activities are carried out by the same protein with lesser activity toward the latter (1 6). Active metabolism of galactose in normal ovarian tissue also was demonstrated by isolation of labeled intermediates. Chick oviduct contains abundant galactose-containing substances including uridine sugars, suggesting the importance of galactose metabolism in this tissue (17) . It is of interest that comparative enzyme activities in the testes are much lower as compared to the ovary (Table 3) . We have also found that nucleotide sugar concentrations such as UDPGlc and UDPGal are much higher in ovary than testes of nongalactosemics, suggesting active synthesis of glycoproteins, glycolipids, and other galactose-containing macromolecules. It may be that the abnormal gonadal function in galactosemic females and the normal gonadal function found in males are related to the differences in galactose metabolism noted in these organs.
In the ovarian tissue obtained from a galactosemic female, the enzyme block in the transferase step was further demonstrated by the accumulation of galactose-1-phosphate. There was no C 0 2 production from labeled galactose, and there was little incorporation of labeled galactose into TCA-insoluble material. This was in marked contrast to the findings obtained in samples from nongalactosemic patients.
Although dietary treatments results in a marked decrease in tissue galactose-1-phosphate, premature ovarian failure occurs in treated patients. This suggests that galactose-1-phosphate toxicity may not be the sole causative factor leading to ovarian failure. An abnormality in nucleotide sugar metabolism may be involved in the pathogenesis of the ovarian failure. One possible mechanism would be the effect of abnormal nucleotide sugar pool size in the synthesis of glycoconjugates. A decrease in synthesis of galactoproteins and galactolipids could result from a decreased UDPGal concentration due to the transferase defect. Consistent with this hypothesis has been our observation of a decrease in UDPGal concentration in erythrocytes, cultured skin fibroblasts, and liver tissue of galactosemic patients (1 8) . A similar deficit in the ovary could explain the hypergonadotropic hypogonadism seen in patients with this inborn error of metabolism. Furthermore, patients with low transferase activity who have normal levels of UDPGal continue to exhibit normal ovarian function (19) .
